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Edited by Michael R. BubbAbstract a8 integrin gene silencing has been shown to result in
the stress ﬁbre disassembly. Stress ﬁbres are required for cell
adhesion to promote passage through cell cycle. Thus, we
hypothesized that a8 integrin gene silencing might aﬀect vascular
smooth muscle cell (VSMC) growth. Short interference RNA
(siRNA) targeting a8 integrin in rat VSMCs resulted in reduced
DNA synthesis. Moreover, siRNA-a8 integrin prevented throm-
bin-induced proliferation. RhoA plays a critical role in regulating
VSMC growth. a8 integrin co-immunoprecipitated with RhoA
and siRNA-a8 reduced membrane associated RhoA. Our data
suggest that a8 integrin expression is critical for VSMC growth,
which has potential implications in postangioplasty neointimal
hyperplasia.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Heightened migratory and proliferative activity of vascular
smooth muscle cells (VSMCs) results in neointima formation
following vascular injury, e.g. post-angioplasty restenosis. Cell
architecture and accompanying changes in cell shape are criti-
cal determinants of adhesion- and growth factor-mediated cell
cycle progression [1].
Cell cycle progression is mediated, at least in part, by stress
ﬁbers [2]. An intact actin cytoskeleton and the existence of
stress ﬁbres are required for cell adhesion to promote passage
through cell cycle [3,4]. It is well understood that cell-cycle pro-
gression is regulated through physical interactions between the
cell and extracellular matrix (ECM) [5]. These interactions are
mostly mediated through integrin cell adhesion receptors. Inte-
grins represent a family of heterodimeric surface protein recep-
tors consisting of one a and one b subunit. a8b1 integrin is one
of the highly expressed integrins in VSMCs [6]. We previously
showed that gene silencing of a8 integrin in rat VSMCs
resulted in cytoskeletal and morphological changes in VSMC
including the disassembly of stress ﬁbres and polyglonal shape
of VSMCs [7]. Thus, we hypothesized that a8 integrin expres-
sion might be required for VSMC growth. However, we previ-*Corresponding author. Fax: +1 514 987 5585.
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alter VSMC DNA synthesis [8]. In the aforementioned study,
DNA synthesis was examined 72 h after transient transfection
of siRNA-a8. Thus, it was possible that siRNA-a8 had lost its
eﬀectiveness after 72 h. Therefore, in the present study our goal
was to determine siRNA-a8 integrin treatment, in its optimal
eﬀectiveness, could alter VSMC growth. Herein, our data sug-
gest that in the absence of a8 integrin, VSMCs do not prolif-
erate.
Therefore, a8 integrin knock down may shut-down a signal-
ing pathway, which is responsible for both VSMC growth and
stress ﬁbres assembly. Previous studies have shown that RhoA
integrates multiple signaling events that regulate both VSMC
growth and stress ﬁbre assembly [9,10]. The function of RhoA
and integrins are thought to be closely intertwined [11]. Indeed,
a study by Owens and colleagues suggested that RhoA and
integrin pathways may converge to regulate both VSMC
growth and the contractile state [10], identiﬁcation of this inte-
grin is unknown. Therefore, in order to explain why in the a8
integrin-knocked down VSMCs there is a reduced growth rate,
RhoA-a8 integrin interaction as well as the level of membrane-
associated RhoA (as a hallmark of RhoA activity) after a8
integrin gene silencing was examined. Investigations to identify
the factors and mechanisms regulating VSMC growth give a
better understanding of the mechanism of neointima forma-
tion after angioplasty.2. Materials and methods
2.1. Antibodies and reagents
Antiserum to the a8 integrin subunit (A8–2) was generated as
described elsewhere [8]. The antibodies against a5 integrin subunit
and anti-cyclin D1 were from Chemicon (Temecula, CA). Polyclonal
antibody against RhoA was from Santa Cruz Biotechnology (Santa
Cruz, CA). All secondary antibodies were from Chemicon. Short
interference RNA (siRNA) was synthesized by Dharmacon (Lafay-
ette, CO). Lipofectamine 2000 was from Invitrogen Life Technol-
ogies (Carlsbad, CA). Thrombin was from Calbiochem (San Diego,
CA).
2.2. VSMC culture
VSMCs were derived from the carotid arteries of male Sprague–
Dawley rats and cultured as described previously [8]. To maintain
the contractile (diﬀerentiated) phenotype, only freshly isolated
VSMCs, at their ﬁrst passage, were used (unless indicated otherwise).
Animal housing and experimentation in accordance with Canadian
Council on Animal Care and NIH guidelines were approved by the
local animal care committee.blished by Elsevier B.V. All rights reserved.
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siRNA-a8 integrin could aﬀect the morphology, cytoskeleton, and
phenotype dependent markers in favor of the noncontractile pheno-
type [7]. Transfection of VSMCs by siRNA and the sequence of siRNA
were described elsewhere [8]. Carotid VSMCs in 24-well plates were
transfected with 1 lg/well siRNA by Lipofectamine 2000. Five hours
after transfection, the serum free and antibiotic free media was
replaced by a media containing DMEM plus 10% FBS as well as 1%
streptomycin–penicillin. Fireﬂy luciferase GL2 siRNA (unrelated siR-
NA) served as a control. In addition, treatment of the cells with lipo-
fectamine transfection reagent without siRNA was also used as
another control. There was no signiﬁcant diﬀerence in the basal start-
ing levels of a8 integrin between unrelated siRNA transfected cells and
without any transfection [7].2.4. Western blotting
VSMC extracts were prepared in lysis buﬀer. Equal amounts of pro-
teins (5 lg) were analyzed by Western blotting, as described elsewhere
[8].2.5. Realtime PCR (RT-PCR)
VSMCs cultured in 10 cm petri dishes were transfected with siRNA-
a8 integrin. Cells were harvested at 48 h and 72 h posttransfection to
detect mRNA level of a8 integrin by RT-PCR. RNA extraction was
performed according to the TRIzol reagent protocol (Invitrogen,
Carlsbad, CA). Reverse transcription was performed using 2 lg
RNA. Real-time PCR was performed with a Stratagene Mx4000 Sys-
tem (Strategene, La Jolla, CA). The QuantiTect SYBR Green PCR kit
(Qiagen, Mississauga, ON) was utilized in subsequent PCR assays
according to the manufacturer’s protocol. Gene expression was com-
pared by the determination of target quantities in experimental sam-
ples relative to a calibrator sample (control), and expression levels
were corrected for the normalizer gene, S16 ribosomal protein. The
anti-sense primer for a 109-bp fragment of a8 integrin was 5 0-GGGA-
CAGTAGTAGACAGC-30, and the sense primer was 5 0-
GGACTTCTACATACCTGAT-3 0, and for S16: sense 5 0-AGG AGC
GAT TTG CTG GTG TGG-30, and antisense 5 0-GCT ACC AGG
GCC TTT GAG ATG-3 0. Real-time PCR was conducted with an ini-
tial denaturing interval (95 C, 15 min) and then 40 sequence cycles:
94 C (30 s), 58 C (45 s), and 72 C (30 s), using the Quantitect SYBR
Green PCR Kit (Qiagen) and a ﬁnal 0.5 lmol/L concentration of prim-
ers. All real-time RT-PCRs were performed in duplicate and were con-
ducted with an initial denaturing interval (95 C, 15 min) and then with
40 sequence cycles for a8 and S16: 94 C (30 s), 55 C (45 s), and 72 C
(30 s). Ampliﬁcation products were electrophoresed on 1% agarose gels
containing ethidium bromide and visualized with UV light to verify
fragment length and the absence of nonspeciﬁc products that could
interfere with the ﬂuorescence signal produced by SYBR green. A
melting curve analysis was also performed to check absence of forma-
tion of primer-dimers. Results are expressed as the ratio between the
gene of interest and S16 relative quantities.2.6. DNA synthesis assay
To measure the synthesis of new DNA, 3H-thymidine incorporation
assay was performed as described elsewhere [8]. Brieﬂy, VSMCs
(1 · 105/well) plated in 24-well plates, were transfected with siRNA tar-
geting a8 integrin. At 40 h posttransfection, 1 lCi/50 lL [methyl-3H]
thymidine (Amersham Biosciences, Montreal, QC) was added and
the cells were collected 8 h later. After ﬁxation and solubilization,
radioactivity was measured in a b counter.2.7. Co-immunoprecipitation
Immunoprecipitation was performed using the Seize Primary immu-
noprecipitation kit (Pierce, Rockford, IL). Brieﬂy, a puriﬁed poly-
clonal Ab against a8 integrin (100 lg) was attached to an agarose
coupling gel. This antibody-conjugate gel was incubated with the
VSMC lysates (extracted as described previously [8]) at 4 C overnight
and subsequently washed with the immunoprecipitation buﬀer. The
bound membrane proteins were eluted using the elution buﬀer. The
eluted fraction was loaded onto a SDS–PAGE gel and then analyzed
by Western blot. Parent VSMC lysate (before immunoprecipitation)
was loaded as positive control. Preimmune sample (IgG) was used as
negative control.2.8. Membrane fractionization
For the preparation of the fraction enriched in the plasma mem-
branes, carotid SMCs were treated with ice-cold lysis buﬀer containing
250 mM sucrose, 10 mM Tris (pH 7.5), 1 mM PMSF, and 10 mM
aprotinin and leupeptin. After 3 cycles of freeze-and-thaw, samples
were centrifuged at 100000 · g at 4 C for 60 min. The cytosol-contain-
ing supernatant was removed. Pellets were washed twice by the lysis
buﬀer and resuspended in 100 ll of lysis buﬀer plus 0.1% SDS and
1% Triton X-100. Cell debris were separated by centrifugation
(14000 rpm at 4 C for 20 min), and the supernatant was saved as
membrane fraction. Membrane and cytosolic fractions were stored at
20 C until used for immunoblotting.
2.8.1. Statistical analysis. Data were expressed as means ± S.E.M.
Each experiment was repeated three times and representative results
were shown. All values were subjected to Student’s t-test and one-
way ANOVA followed by the Bonferroni t-test. P < 0.05 was consid-
ered signiﬁcant.3. Results
3.1. a8 integrin gene silencing reduced DNA synthesis
To determine whether a8 integrin expression plays a role in
SMC proliferation, VSMCs were transiently transfected with
siRNA targeting a8 integrin. a8 integrin downregulation by
siRNA was detected in protein level in a time course of 24,
48, 72 h. 3H-thymidine assay was also performed on parallel
experiment to detect the eﬀect of a8 integrin gene silencing
on DNA synthesis. Fig. 1A demonstrates that a8 integrin
expression was decreased after RNA interference at 24 h,
and 48 h, but restored at 72 h. To conﬁrm the decrease (at
48 h) and later restoration of a8 integrin (at 72 h) real-time
PCR was performed for a8 integrin mRNA. a8 integrin
mRNA levels were similarly decreased at 48 h and restored
at 72 h (Fig. 1B). Interestingly, a8 integrin gene silencing
resulted in reduced DNA synthesis at 24 h and 48 h after
siRNA transfection (Fig. 1C) concomitant with the maximal
reduced level of a8 integrin expression. However, at 72 h
post-transfection DNA synthesis was restored which was con-
sistent with the a8 integrin re-expression.3.2. Thrombin-induced VSMC growth is associated with a8
integrin upregulation
In order to examine the expression of a8 integrin under a
highly proliferative condition, VSMCs from passage 4 (non-
contractile phenotype) were stimulated with thrombin (2 U/
ml). Thrombin is one of the most potent VSMC mitogen
[12]. Thrombin stimulation increased thymidine incorporation
(Fig. 2A). Western blotting analysis showed that thrombin
stimulation induced an upregulation of a8 integrin (Fig. 2C)
and downregulation of a5 integrin (Fig. 2D). In order to verify
that the thrombin-stimulated cells are in a proliferative state,
the same samples were examined for cyclin D-1 expression,
as an index of cell cycle progression. These cells exhibited a
higher level of cyclin D1 expression (Fig. 2B).3.3. a8 integrin gene silencing reduced thrombin-induced VSMC
growth
To investigate whether a8 integrin expression is involved in
the mitogenic eﬀect of the thrombin, siRNA-a8 integrin trea-
ted cells were stimulated by thrombin (2 UI/mL) at 18 h post-
transfection. At 40 h posttransfection H3-thymidine was added
and the cells were collected 8 h later. Fig. 3 shows that throm-
Fig. 1. Expression level of a8 integrin and DNA synthesis in VSMCs.
Primary VSMCs were transfected by siRNA (1 lg/well) targeting a8
integrin. At 24, 48, and 72 h post-transfection cells were harvested. a8
integrin was detected by Western blotting (A). Relative quantiﬁcation
of a8 integrin mRNA content at 48 h and 72 h in VSMCs normalized
to the housekeeping gene, S16 ribosomal protein (run in duplicate) (B).
Thymidine incorporation assay was performed in parallel at 24, 48 and
72 h post-transfection (C). siRNA-luciferase served as the control for
siRNA-a8. The results are means ± S.E.M. n = 4 wells. *P < 0.05 vs.
Ctrl.
Fig. 2. Increased VSMC proliferation after thrombin stimulation and
expression of a8 and a5 integrin subunits. Passage-4 VSMCs were
stimulated for 48 h by thrombin (2 IU/ml). VSMCs cultured in serum-
free media served as control. Thymidine incorporation assay demon-
strated an increased DNA synthesis following thrombin stimulation
(A). Western blotting analysis of an equal amount of sample proteins
showed that cyclin D1 (B) and a8 integrin (C) were signiﬁcantly
upregulated as a response to thrombin stimulation, whereas a5 integrin
was downregulated (D). The results are means ± S.E.M. *P < 0.05 vs.
Ctrl. n = 4–6 wells per treatment group.
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down cells.
3.4. a8 integrin interacts with RhoA
a8 integrin, being required for VSMC DNA synthesis, led us
to test its possible interaction with RhoA, which also regulates
VSMC growth. Interaction between a8 integrin and RhoA was
examined by co-immunoprecipitation. Fig. 4A demonstrated
that RhoA was detected in the a8 integrin immunoprecipitated
sample. Physical interaction between a8 integrin and RhoA
(either directly or indirectly through other proteins) led us to
test whether this interaction is required for the membrane
localization of RhoA. The subcellular localization of RhoA
was examined at 48 h after siRNA-a8 transfection. A signiﬁ-
cant decrease in the RhoA content of the particulate fraction
was observed (Fig. 4B), as well as the reduced ratio of mem-
branic to cytosolic RhoA.4. Discussion
We have previously shown that a8 integrin gene silencing re-
sults in the disassembly of actin ﬁbres [7]. Intact stress ﬁbres
are required for cell adhesion to promote passage through cell
cycle [3,4]. Therefore, we hypothesized that a8 integrin gene
silencing might aﬀect VSMC growth. Our ﬁndings demon-
strated that a8 integrin gene silencing reduced DNA synthesis.
Thrombin stimulation of VSMCs resulted in an increased level
of DNA synthesis as well as cyclin D1 upregulation, which dis-
criminates quiescent from proliferative cells [13]. This proli-
feartive state was associated with a8 integrin upregulation.
Interestingly, the increased level of the DNA synthesis induced
by thrombin stimulation was attenuated in a8 integrin
Fig. 3. Thrombin-induced DNA synthesis in a8 integrin knocked-
down VSMCs. Passage-4 VSMCs were transfected by siRNA (1 lg/
well) targeting a8 integrin. At 18 h post-transfection cells were
stimulated by thrombin (2 IU/ml). At 40 h posttransfection H3-
thymidine was added and the cells were collected 8 h later. Media
containing DMEM plus 10% FBS served as control for thrombin
stimulation. Thymidine incorporation assay demonstrated that throm-
bin stimulation failed to increase DNA synthesis in a8 integrin
knocked-down cells. The results are means ± S.E.M. *P < 0.05 vs. Ctrl.
n = 4–6 wells per treatment group.
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required for thrombin-induced VSMC growth. RhoA signal-
ing is responsible for both growth and the assembly of stress
ﬁbres [10]. This process is regulated by the localization of
RhoA to cell membrane. Moreover, RhoA plays an essential
role in thrombin-stimulated mitogenesis [14]. It has been dem-
onstrated that RhoA is activated by thrombin and RhoA acti-
vation leads to the reorganization of stress ﬁbres [15]. Our data
demonstrated for the ﬁrst time that a8 integrin interacts with
RhoA. This result indicated that a8 integrin and RhoA form
a complex in the lysates of VSMCs, which can be immunopre-
cipitated using an anti-a8 antibody. It is not known that this
interaction is direct or via the other proteins. However, it
shows that RhoA and a8 integrin are in close vicinity and
might be presented in the same compartment. This increases
the likelihood of a possible functional interaction.Fig. 4. Analysis of a8 integrin and RhoA interaction. To determine a possibl
was performed by immunoprecipitating a8 integrin in the lysates of VSMCs
(lane 2) was run on a 4–20% SDS–PAGE gel and compared to the primary sa
was subsequently performed using polyclonal anti-RhoA. RhoA was detected
as well as integrin subunits a8 and b1 (data not shown). Gel lanes are as: 1 = V
marker. Analysis of membrane-associated RhoA after a8 integrin gene silenc
membrane-associated RhoA, while cytosolic RhoA was not signiﬁcantly chan
are means ± S.E.M. n = 3 wells. *P < 0.05 vs. Ctrl.Rho proteins cycle between an inactive GDP-bound and an
active GTP-bound conformation. In the inactive form, the
Rho protein is locked in the cytoplasm [16]. RhoA activity
requires its proper cellular localization [17]. Upon activation,
GTP exchange, RhoA partially translocates to the membrane,
where it generates downstream and functional responses [16–
19]. The increased presence of RhoA in the membrane initiates
its signaling cascades to regulate both the VSMC growth and
diﬀerentiation [9,10]. Thereby, changes in the membrane-asso-
ciated RhoA level can be used as an indicator of the eﬀective
RhoA activity [20]. Our data demonstrated that a8 integrin
gene silencing results in the reduced level of the membrane
associated RhoA. However, a signiﬁcant increase in the cyto-
plasmic RhoA was not detectable, most likely because of the
greater abundance of RhoA in the cytosol, with just 2–3% of
the molecules being membrane-associated in some cell types
[21]. Therefore, changes in the cytosolic RhoA are not consid-
erable.
RhoA translocation to the membrane is believed to be
dependent upon membrane protein components [22]. There-
fore, it seems that the presence of a8 integrin in VSMC mem-
brane is required for the presence of RhoA in the membrane.
However, it is not known whether the expression of a8b1 inte-
grin can also aﬀect GTP exchange, RhoA activation, or a8b1
integrin is just required for membrane anchorage of RhoA,
thereby its activity.
Taken together, we propose that the decreased DNA synthe-
sis associated with gene silencing of a8 integrin may be due to
the reduced membrane associated RhoA in a8 knocked down
cells.
a8b1 Integrin binds to several ECM proteins, including
ﬁbronectin, vitronection, and tenascin [23]. All are reported
to be in involved in the VSMC growth [24–26]. It has been
demonstrated that the interaction between a8b1 integrin and
its ligand ﬁbronectin promotes the survival of AtT20 cells
[27]. Adhesion-dependent changes in the cytoskeleton likely
mediate the eﬀects of ECM on the G1/S transition [28].There-
by, it is noteworthy to investigate whether these ECM proteins
could still aﬀect VSMC growth in the absence of a8 integrin or
not.
In summary, a8b1 integrin, which is known as a negative
regulator of VSMC migration is required for DNA synthesis.e interaction between RhoA and a8 integrin, a co-immunoprecipitation
on a gel column coupled to a8 integrin antibody. The eluted fraction
mple of passage 1 VSMCs as positive control (lane 1). Western blotting
as a 24 kDa band in control and a8-immunoprecipitated samples (A),
SMC lysates (control), 2 = a8 immunoprecipitated sample, 3 = protein
ing was examined by Western blotting (B). a8 gene silencing decreased
ged. siRNA-luciferase served as the control for siRNA-a8. The results
R. Zargham et al. / FEBS Letters 581 (2007) 939–943 943Our data, by showing that RhoA translocation to the cell
membrane requires a8b1 integrin expression, may explain
why in the a8 integrin-knocked down VSMCs there is a re-
duced growth rate. Future studies are warranted before to fully
appreciate how these complex signaling pathways orchestrate
cell behavior.
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